Day length is a key indicator of seasonal information that determines major patterns of behavior in plants and animals. Photoperiodism has been described in plants for about 100 years, but the underlying molecular mechanisms of day length perception and signal transduction in many systems are not well understood. In trees, photoperiod perception plays a major role in growth cessation during the autumn as well as activating the resumption of shoot growth in the spring, both processes controlled by FLOWERING LOCUS T2 (FT2) expression levels and critical for the survival of perennial plants over winter [1] [2] [3] [4] . It has been shown that the conserved role of poplar orthologs to Arabidopsis CONSTANS (CO) directly activates FT2 expression [1, 5] . Overexpression of poplar CO is, however, not sufficient to sustain FT2 expression under short days [5] , pointing to the presence of an additional short-day-dependent FT2 repression pathway in poplar. We find that night length information is transmitted via the expression level of a poplar clock gene, LATE ELONGATED HYPOCOTYL 2 (LHY2), which controls FT2 expression. Repression of FT2 is a function of the night extension and LHY2 expression level. We show that LHY2 is necessary and sufficient to activate night length repressive signaling. We propose that the photoperiodic control of shoot growth in poplar involves a balance between FT2 activating and repressing pathways. Our results show that poplar relies on night length measurement to determine photoperiodism through interaction between light signaling pathways and the circadian clock.
SUMMARY
Day length is a key indicator of seasonal information that determines major patterns of behavior in plants and animals. Photoperiodism has been described in plants for about 100 years, but the underlying molecular mechanisms of day length perception and signal transduction in many systems are not well understood. In trees, photoperiod perception plays a major role in growth cessation during the autumn as well as activating the resumption of shoot growth in the spring, both processes controlled by FLOWERING LOCUS T2 (FT2) expression levels and critical for the survival of perennial plants over winter [1] [2] [3] [4] . It has been shown that the conserved role of poplar orthologs to Arabidopsis CONSTANS (CO) directly activates FT2 expression [1, 5] . Overexpression of poplar CO is, however, not sufficient to sustain FT2 expression under short days [5] , pointing to the presence of an additional short-day-dependent FT2 repression pathway in poplar. We find that night length information is transmitted via the expression level of a poplar clock gene, LATE ELONGATED HYPOCOTYL 2 (LHY2), which controls FT2 expression. Repression of FT2 is a function of the night extension and LHY2 expression level. We show that LHY2 is necessary and sufficient to activate night length repressive signaling. We propose that the photoperiodic control of shoot growth in poplar involves a balance between FT2 activating and repressing pathways. Our results show that poplar relies on night length measurement to determine photoperiodism through interaction between light signaling pathways and the circadian clock.
RESULTS AND DISCUSSION
Photoperiodism, the response to day length, determines seasonal growth, developmental transitions, and reproductive behavior for many plants and animals. To measure day length, a common photoperiodic time measurement mechanism has been proposed requiring the interplay of a photosensory pathway, the circadian clock, and a systemic effector [6] . In most cases, the underlying mechanisms by which organisms measure photoperiod and integrate this information into life cycle decisions remain unclear. In Arabidopsis, the photoperiodic response of accelerated flowering is triggered when the day length goes beyond about 14 h, which causes the accumulation of the CO protein to activate transcription of FT [7] . In poplar, shoot elongation and leaf organogenesis occur continuously under long days (LDs) and ceases when photoperiod falls below a critical day length [8] . Growth cessation is suppressed by a night break of red light, but not when this is followed by far red illumination, suggesting a role for phytochromes and night-dependent regulation of shoot growth cessation [9] . As with Arabidopsis, a poplar ortholog to Arabidopsis FT, FLOWERING LOCUS T2 (FT2), is necessary for this regulation [1, 2] . FT2 downregulation accelerates growth cessation, and FT2 overexpression suppresses this photoperiodic response [1, 2] . FT2 plays a conserved role as photoperiodic integrator. Diurnal FT2 expression is conserved in field and greenhouse conditions, showing maximal expression at dusk during LDs [1, 2] . Conversely, FT2 expression is downregulated under short days (SDs) [1, 2] . Poplar orthologs of CO activate FT2 transcription, but their overexpression is not sufficient to sustain FT2 expression under short days, as it does in Arabidopsis [1, 5, 10] , pointing to the existence of an additional SD-induced, FT2-repressing pathway in poplar.
Because LHY mRNA displays a night-day transition peak with greater expression under SD [11, 12] and it has been shown that RNAi directed to poplar LHY orthologs delayed growth cessation [13] , we tested whether LHY activation by night length correlates with growth cessation. Poplar clone 717-1B4 triggers growth cessation under SD (12 h light:12 h dark; Table S1 ). Poplar has two copies of LHY, LHY1 and LHY2, with LHY2 having higher expression in leaf tissues [14] . Luminescence assays of a poplar LHY2::LUC transcriptional reporter [15] show a 2.5-fold higher peak area in SD compared to LD (16 h light:8 h dark; Figures 1A and 1B). Night break assays using red light suppressed SDinduced growth cessation as previously reported [9] (Table S1 ). The reporter peak area after a night break (SD+NB) is 2.5 times less than that seen for SD ( Figures 1C and 1D ). Similarly, a light pulse at the time of LHY induction was shown to repress Arabidopsis LHY transcription [16] . Poplar LHY2 period is 24 h in LD, SD, and SD+NB photoperiods, indicating that photoperiodic regulation of LHY2 transcription impacts LHY2 expression levels rather than the period ( Figure S1 ). The total expression of LHY2, as indicated by the area under the mRNA peak, for LD and after a night break (SD+NB) is less than half that seen for SD ( Figure S1 ), indicating that the LHY2 expression is proportional to night length.
To further investigate LHY2 transcriptional activation, LHY2::LUC poplars grown under LD were subsequently transferred to continuous light or dark. These plants showed a rapid reduction or increase in LHY2 expression, respectively ( Figures  2A and 2B Figure S1 for photoperiodic regulation of LHY2 expression alters amplitude rather than period. See also Table S1 .
advance ( Figures 2C and 2D ). Furthermore, the relative pattern of mRNA accumulation under LD+4hNE showed a similar trend to the LHY2::LUC reporter, showing that LHY2 is transcriptionally activated by the night extension ( Figure S2A ). Because night extension causes a two-fold increase in LHY2 expression, correlating with growth cessation induction, we sought to determine whether LHY2 influences FT2. LHY2::LUC shows progressive activation with night extension, and FT2 expression shows the opposite response ( Figures 3A and 3B ). FT2 expression is reduced by 60% after 1 h of night extension, revealing that FT2 is a sensitive readout of night length. This downregulation of FT2 is not caused by a shift in the phase of expression ( Figure 3C ). These results revealed an opposite and quantitative effect of night extension upon LHY2 and FT2 expression. Consistent with this model, SD+NB causes LHY2 downregulation accompanied by FT2 induction ( Figures 1C,  1D , and 3D).
We hypothesized that night extension signaling could impact FT2 expression by downregulating CO and GIGANTEA (GI) expression [17] . However, the relative pattern of mRNA accumulation of CO and GI showed negligible differences in expression levels under a night extension treatment of 4 h ( Figures S2B and  S2C ). This suggests that night length perception controls LHY2 and FT2 independently of transcriptional regulation of CO and GI.
To test whether a transient induction of LHY2 activity alters FT2 expression, we fused LHY2 to a GR domain (35s::GR-LHY2:Tnos) to create a dexamethasone (DEX) activatable version [18] . In addition to this transcriptional unit, a reporter of transient expression was added into the T-DNA (35s::GR-LHY2:Tnos/35 s::LUC:Tnos). Plantlets grown under LD were DEX treated at zeitgeber time 0 (ZT0) and sampled at ZT16. We observe a significant 16 downregulation FT2 in response to DEX treatment, indicating that induction of LHY2 at ZT0 is sufficient to cause FT2 downregulation ( Figure 3E ). To test whether LHY2 is required to suppress FT2 downregulation by night extension, we performed a LD+4hNE treatment, using poplar wildtype as well as lhy2-1, lhy2-2, and lhy2-9 CRISPR/Cas9-based knockout lines (Figures S3A-S3C ). The result confirms that LHY2 induction is necessary and sufficient to cause FT2 downregulation by night extension ( Figure 3F ). To test whether LHY2 is likely to bind to FT2 locus directly, we analyzed the binding of LHY2 protein to genomic poplar DNA by DNA affinity purification sequencing (DAPseq) [19] . We observe binding of LHY2 to the 3 0 cis regulatory region of FT2, suggesting direct transcriptional repression of FT2 through LHY2 (Data S1). Similarly, a direct binding at 3 0 cis regulatory region has been shown for Arabidopsis FT repressor SCHLAFMÜTZE (SMZ) [20] .
Taken together, we show that LHY2 represses FT2 expression in a night-length-dependent manner; therefore, photoperiodic induction of poplar growth cessation is a function of LHY2 expression levels and night length.
Conclusions
Our results show that poplar measures night length to determine the boundaries of the annual growing season. We find that night length controls the expression of the key integrator FT2 via the repressor LHY2. Long days have corresponding short nights, under which LHY2 expression levels are low, enabling FT2 to be responsive to activators, such as CO. Under long night conditions, however, the induction of LHY2 results in the repression of FT2 expression that could be direct via the binding of LHY2 to its 3 0 cis regulatory region ( Figure 3G ). Therefore, photoperiodism in poplar is thus relying upon night length perception through interaction between light signaling pathways, most likely perceived by phytochromes, and the circadian clock. It will be interesting to see whether this is the case for other systems where photoperiodism controls major behaviors.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Populus tremula x alba INRA clone 717-1B4 was used as the experimental model.
Poplar in vitro culture
Poplars were cultured in vitro in vessels of (200 ml) with a medium containing the following components: Murashige and Skoog medium modification 1B (pH 5.7) supplemented with 2% sucrose and with indole acetic and indole butyric acids (0,5 mg/L) containing 0.7% (w/v) plant agar Plantlets were grown in an in vitro chamber 21 C, 300-350 mmol m -2 s -1 PPFD (Photosynthetic Photon Flux Density) under long day (LD) conditions (16h light:8h dark) for 3-4 weeks.
Poplar growing conditions
After 4-weeks of in vitro culture, we transferred the plants to 3.5-L pots containing blond peat. Trees were grown in plant growth cabinets (SANYO Gallenkamp PLC, model SGC097.CFX.F, England) with constant temperature 21 C, 65% humidity and 300-350 mmol m -2 s -1 PPFD (Photosynthetic Photon Flux Density) under long day (LD) conditions (16h light:8h dark).
Growth cessation induction
Poplars grown under LD (16h light:8h dark) were transferred to short day (SD) conditions (12h light:12h dark) for 21 days at 21 C, 65% humidity and 300-350 mmol m -2 s -1 PPFD (Photosynthetic Photon Flux Density).
Night break assays
Poplars grown under LD (16h light:8h dark) were transferred to SD (12h light:12h dark) and illuminated with red light 100 mmol m -2 s -1 PPFD (660nm, Phillips GreenPower LED production module DR 120, Netherlands) during 1h at ZT21 for 21 days. Bud stage were scored of poplar shoot apex grown during 21 days under SD and SD+NB. Representative bud stages counted by number of leaf primordia following UPOV (1981) [28] , being 3 = 3 young leaf in SAM which is characteristic during poplar vegetative growth to 0 = bud formed. (n = 12) (Table S1 ).
Night extension treatments
Poplars grown under LD (16h light:8h dark) were subsequently transferred to LD (16h light:8h dark) followed by 0h, 1h, 2h, 3h and 4h of night extension.
Bacteria species and strains
Escherichia coli DH5a strain (ThermoFisher Scientific, Waltham, Massachusetts, United States) was used for gene cloning and Agrobacterium tumefaciens GV3101/pMP90 strain [21] for poplar transient and expression and poplar agroinfiltration. 
METHOD DETAILS
Genomic DNA and RNA purification For nucleic acids purification, poplar leaf tissue was harvested, frozen and grinded to powder. Poplar genomic DNA was purified using a published method [29] employing RNase A digestion, phenol/chloroform extraction and ethanol precipitation. DNA purity and quantity were measured with a Nanodrop Spectrophotometer (NanoDrop 2000c, ThermoFisher Scientific, Waltham, Massachusetts, United States). Total RNA purification was carried out using NucleoSpin RNA Plant kit (Macherey-Nagel, Dü ren, Germany). To check the lack of degradation, RNA was separated by electrophoresis on a formamide-formaldehyde denaturing agarose gel. RNA purity and quantity were measured with a Nanodrop Spectrophotometer (NanoDrop 2000c, ThermoFisher Scientific, Waltham, Massachusetts, United States).
Gene expression analysis Poplar young leaves from two independent trees were harvested at specific ZT time points along 24h under different growth conditions assayed (LD, SD, SD+NB). Samples were frozen in liquid nitrogen until processed.
To carry out qRT-PCR analyses, single-stranded cDNA synthesis was synthesized from one microgram of total RNA using the Maxima First Strand cDNA Synthesis Kit for RT-qPCR, with dsDNase (ThermoFisher Scientific, Waltham, Massachusetts, United States). First-strand cDNA was synthesized in a 2720 thermocycler (Applied Biosystems, Foster City, California, United States). qRT-PCR analysis was performed using the LightCycler 480 SYBR Green Master Mix (Roche, Basel, Switzerland) and carried out using LightCycler 480 II (Roche, Basel, Switzerland) following the manufacture procedures. Gene-specific oligonucleotides used to perform qRTPCRs were listed in the Key Resources Table. qRT-PCRs were performed on at least two biological replicates per time point using UBQ7 (Potri.005G096700) as a reference gene [22] . Relative mRNA abundances for each analyzed gene were calculated as 2
DCt
.
Generation of expression construct
The coding sequence of the genes used in this study were amplified from Populus tremula x alba cDNA samples. For PCR, we used Pfu Ultra Hotstart High-Fidelity DNA Polymerase (Agilent, Santa Clara, CA, USA) and the PCR fragments were purified and cloned into pCR-Zero-Blunt vector (Invitrogen, Carlsbad, CA, USA). We used GoldenBraid (GB) technology [30] 
CRISPR-Cas9 based knock-out of LHY2
To generate LHY2 knockout lines a gRNA (gRNA LHY2 GCAACGAGAAAGATGGACAG) was selected targeting the first exon of LHY2 from a database of nonredundant gRNA sequences (http://aspendb.uga.edu) and cloned in p201N Cas9 vector [31] . Ten independent LHY2 CRISPR lines were regenerated from calli. The result of CRISPR/Cas9 genome edition of individual regenerated lines were analyzed by DNA genotyping. About 20 clones obtained of genomic PCR-amplified fragments spanning the first exon of LHY2 were fully sequenced, the oligonucleotides LHY2-Fw and LHY2-Rev spanning the edited region were used for genomic PCR amplification. Homozygous lines carrying insertion or deletion in the first exon of both alleles of LHY2 predicting a null LHY2 function were selected ( Figures S3A-S3C ).
Transient poplar transformation
Transient expression of 35s::GR-LHY2:Tnos/35s::LUC:Tnos was performed by poplar leaf agroinfiltration [14] . The Agrobacterium tumefaciens carring that construct, was grown in 200ml of selective 2YT medium until an OD 600 = 1.0. The culture was centrifuged at 5000 g using 50ml tubes (Falcon, Corning, New York USA) in Hettich Universal 320R centrifuge (Hettich, Kirchlengern, Germany). We washed the pellet with 20 mL of the inductive medium without acetosyringone (Murashige and Skoog medium modification 1B, 10mM MgCl 2 , containing 10 mM N-morpholinoethanesulfonic acid (MES) (pH 5.6)) and repeat the centrifugation step. Afterward, we resuspended the pellet in 10ml of the inductive medium with 20 mM acetosyringone (3 0 ,5 0 -dimethoxy-4'-hydroxyacetophenone) and incubated the cultures for 3 hours at gentle orbital agitation. We diluted the cultures to OD 600 = 0.7 and filled the in vitro vessel with the plantlet. We did the vacuum inside the vessel using a Fisherbrand Polytetrafluoroethylene Diaphragm Vacuum Pump (ThermoFisher Scientific, Waltham, Massachusetts, United States) and waited 2 minutes after releasing the vacuum. We repeated this step and left the in vitro vessels in the growth chamber for 72 hours to allow the transient agroinfiltration occurs.
Glucocorticoid receptor induction
To induce LHY2 nuclear accumulation, poplar leaf was sprayed 30 mM dexamethasone (DEX) at ZT0. At ZT16, we detected the luciferase activity of leaf infected patches using NightOWL II LB 983 In Vivo Imaging System (Berthold Technologies GmbH & Co. KG, Bad Wildbad, Germany), leaf tissue showing LUCIFERASE transient expression was selected for further gene expression analyses.
DAP-seq methodology
We carried out DAP-seq methodology as was reported earlier [19, 32] with the following modifications, with modifications poplar LHY2 cDNA was cloned into N-term 35S 3XFLAG vector using SLIC (NEB, USA) with primer (GGGAGCAGGCGGGGA TCCAATGGAAATATTCTCTTCCGG) and (GCATGGCCGC GGGGTACCTCAAACTGAAGCTTCTCCTT). Vector DNA was amplified
